Introduction
============

DEAD box RNA helicases bind to and translocate along RNA molecules by a ratchet-like mechanism. The effect of translocation can be to unwind short RNA duplexes and/or disrupt RNP complexes through displacement of RNA-binding proteins. Remodelling of RNP complexes in response to intrinsic or extrinsic signals almost certainly requires RNA helicase activity. The structure of DEAD box RNA helicases contains two lobes, each consisting of a RecA domain. RNA helicase activity uses cycles of ATP binding and hydrolysis.[@R1] RNA and ATP bind to the helicase cooperatively and force the two RecA like domains into a closed confirmation.[@R1]^,^[@R2] RNA binding also stimulates ATP hydrolysis, which is not needed for the helicase activity of all enzymes tested to date, but rather required for the release from RNA.[@R3]^-^[@R5] Some RNA helicases target specific mRNAs, others act as general chaperones in various stages of mRNA metabolism.

The RNA helicase DHH1, also known as Rck and p54, is conserved in all eukaryotes[@R6] and binds to RNA independently of sequence[@R5]^,^[@R7] with some preference for the 5′ UTR of mRNAs.[@R7] Like other DEAD box helicases, DHH1 has an unwinding activity[@R5]^,^[@R8] which requires ATP binding, but not hydrolysis.[@R5] DHH1 has an RNA-stimulated ATPase activity in vitro but, at least for the yeast DHH1, this activity is unusually low and ATP does not enhance RNA binding.[@R5]^,^[@R9] Invertebrate DHH1 homologs consist of only the core helicase motifs, yeast homologs have C-terminal extensions whereas vertebrate helicases have N-terminal extensions.[@R10] These extensions may serve organism specific functions, such as the binding to a specific RNA binding protein.[@R11]

DHH1/Rck/p54 plays an important function in regulating the fate of mRNAs, which is reflected by the nature of its direct binding partners: proteins involved in mRNA decay (DCP1/DCP2, the LSM2--8 complex, EDC3, PAT1, CAF1) or translation (eEF1A).[@R12]^-^[@R15] The exact function of the helicase is still a matter of debate. Initially, yeast DHH1 was found to act as a general activator of mRNA decapping.[@R16]^,^[@R17] However, under conditions of no or low decapping activity DHH1 acts exclusively as a repressor of translation.[@R18]^-^[@R21] Recent data from yeast suggest that DHH1 slows down ribosome movement, which could influence both decapping as well as translation.[@R21]

In addition to its general functions, DHH1 can directly bind to several RNA binding proteins and is selectively recruited to individual mRNAs mediating translational exit and/or mRNA decay. One example is the cytoplasmic polyadenylation element binding protein (CPEB) that regulates the translation of some mRNAs during development. CPEB is found in the same complex as the *Xenopus* DHH1 ortholog, Xp54,[@R18]^,^[@R22] and marks target mRNAs for DHH1-mediated translational repression. In yeast, DHH1 binds RBP1; both DHH1 and RBP1 mediate the instability of the target mRNA *POR1,* encoding porin.[@R11]^,^[@R23] AU-rich elements (AREs) mediate mRNA instability via ARE binding proteins. The AU-rich element binding protein tristetraprolin (TTP) directly binds to and recruits DHH1 to its target mRNAs resulting in mRNA destabilization.[@R24] In a similar manner, iron-responsive mRNAs are destabilized by the ARE-binding proteins CTH1 and CTH2 in a manner dependent on an interaction between DHH1 and CTH2.[@R25]

Trypanosomes are single cell flagellates responsible for Human African Trypanosomiasis and a range of livestock diseases. Several transitions between different developmental forms occur during the life-cycle in the mammalian and insect host, each transition is accompanied by significant changes in gene expression.[@R26]^-^[@R29] The two forms that can be cultured in the lab are the blood stream forms (BSF), and the procyclic forms (PCF), representing proliferative stages from the mammalian and tsetse fly hosts, respectively. Maturation of mRNAs in trypanosomes is different to most other eukaryotes; all mRNAs are transcribed from polycistrons at roughly the same rate and processed by *trans*-splicing to add a capped short exon to the 5′ end, the 3′ end arises by endonuclease cleavage and polyadenylation.[@R30]^-^[@R33] The constitutive transcription means that selective regulation of gene expression must occur post-transcriptionally with the one exception of a limited number of genes that are transcribed by RNA polymerase I.[@R34] Control of gene expression is believed to occur mainly by regulating translation and mRNA decay.[@R35]^-^[@R38] Strikingly, although a decapping activity was reported^39^, trypanosomes lack orthologs to all proteins of the decapping complex, DCP1, DCP2, EDC3 and PAT1. Orthologs may not be identified in standard database searches due to the large evolutionary distance between trypanosomes and yeast/mammals, but the absence of all genes from the decapping complex rather indicates the absence of the entire complex.

*Trypanosoma brucei* DHH1 has 69% identity to yeast DHH1 but has no N or C-terminal extension.[@R39] DHH1 function in trypanosomes was studied by the expression of an ATPase mutant dhh1 DEAD:DQAD (dhh1 E182Q). In yeast, this mutant is impaired in ATP hydrolysis, but not in ATP binding[@R9] and for the recombinant human DHH1 homolog Rck/p54 it was shown that ATP binding, but not ATP hydrolysis is needed for the unwinding activity of the helicase.[@R5] Instead, ATP hydrolysis may be required for the release of DHH1/Rck/p54 from mRNAs, as was shown for other DEAD box RNA helicases.[@R3]^,^[@R4] Taken together, the data suggest that trypanosome dhh1 DEAD:DQAD is an active RNA helicase that may have an extended processivity in comparison to wild type DHH1.

Inducible expression of the ATPase mutant dhh1 DEAD:DQAD in a DHH1 wild type background resulted in a fast-onset growth arrest, global repression of translation and an increase in P-bodies, with only a minor reduction in total mRNA levels.[@R39] This suggests that *T. brucei* DHH1 mainly functions as a translational repressor, rather than as a promoter of the 5′-3′ mRNA decay pathway. However, DHH1 was originally identified in an RNAi screen as a factor required for the instability of a developmentally regulated mRNA.[@R39] In fact, transcriptome analysis revealed that dhh1 DEAD:DQAD expression had profound effects on a selected set of mRNAs: 26 mRNAs were \> 2.5-fold upregulated and 31 were \> 2-fold downregulated, in some cases regulation was \> 10-fold. The increase in mRNA levels, for the three mRNAs tested, correlated with an increase in mRNA half-life and therefore resulted from an increase in mRNA stability.[@R39]

At least one of the upregulated mRNAs, *ISG75*, remained in polysomes, apparently escaping the general translational repression. These data suggest that DHH1 may stabilize selected mRNAs by preventing their exit from polysomes. In agreement with the proposal that the dhh1 DEAD:DQAD mutant has an increased processivity on RNA, the phenotype obtained by dhh1 DEAD:DQAD expression can be copied in a weaker form by overexpression of the DHH1 wild type protein. The dhh1-sensitive set of mRNAs was significantly enriched for developmentally regulated mRNAs. The experiment was performed in the procyclic developmental form and mRNAs normally unstable in the procyclic life-cycle stage were stabilized. In contrast, developmentally regulated mRNAs selectively stable in the procyclic stage were destabilized. Together, dhh1 DEAD:DQAD expression resulted in a reversal of developmental regulation.

This study aimed to gain further insight into the mechanism underlying the dhh1 DEAD:DQAD mediated stabilization and destabilization of selected mRNAs in trypanosomes. Four previously identified dhh1 target mRNAs were analyzed for cis-acting elements necessary for the response to dhh1 DEAD:DQAD expression. In each case, the open reading frame was not required, whereas the 3′ UTRs were necessary and in one case both the 5′ and 3′ UTR mediated the dhh1 induced changes to a reporter mRNA. For one of the mRNAs stabilized by dhh1 DEAD:DQAD, the cis-acting element could be narrowed down to a short AU-rich element in the 3′UTR that acted as an instability element. However, this element did not mediate the developmental regulation of the mRNA. This is the first report of an AU-rich instability element that is responsible for dhh1 induced mRNA stabilization, rather than destabilization. We propose that an increase in dhh1 helicase activity will increase the rate of turnover of destabilizing factors, this way selectively stabilizing mRNAs that are otherwise unstable.

Results
=======

Expression of dhh1 DEAD:DQAD altered the half life and thus steady-state levels of a set of mostly developmentally regulated mRNAs in trypanosomes.[@R39] To investigate the mechanism, four of these mRNAs were chosen for further analysis. Tb927.3.3730 (a putative ABC transporter) and Tb927.11.12100 (RNA-binding protein 5, RBP5) were normally unstable in the procyclic stage but were stabilized by the expression of dhh1 DEAD:DQAD. The other two, Tb927.10.15410 (glycosomal malate dehydrogenase, gMDH) and Tb927.6.2790 (a putative [l]{.smallcaps}-threonine 3-dehydrogenase), were destabilized by the expression of dhh1 DEAD:DQAD. The mRNAs are shown schematically in [Figure 1](#F1){ref-type="fig"}; UTR lengths were taken from RNA sequencing data.[@R40]

![**Figure 1.** Sizes of the DHH1 target mRNAs used in this work. The UTR lengths are based on the RNA sequencing data of[@R40] . When alternative splice acceptor sites or polyadenylation sites were identified, the length of the most abundant is shown in bold.](ktrs-02-01-10928587-g001){#F1}

The open reading frames are not involved in DHH1-mediated changes in mRNA stability
-----------------------------------------------------------------------------------

Trypanosomes are diploid and any role of the open reading frame (ORF) in the DHH1-mediated change in mRNA levels was tested by replacing the ORF of one allele of the targeted gene with a puromycin acetyl transferase (PAC) ORF. The mRNAs from the resultant transgene contained the 5′ UTR from the endogenous gene followed by the PAC ORF followed by the 3′UTR from the endogenous gene. The transgene was introduced into the previously described cell line engineered for inducible expression of dhh1 DEAD:DQAD[@R39] ([Fig. 2A](#F2){ref-type="fig"}). Puromycin resistant cell lines were obtained for three genes but not for Tb927.3.3730, this gene was excluded from this first analysis after several attempts to obtain the cell line failed.

![**Figure 2.** ORF sequences are not necessary for the response to dhh1 DEAD:DQAD induction. *(A)* The locus of dhh1 DEAD:DQAD responsive genes was modified so that one allele remained wild type and the second allele was replaced with a puromycin acetyl transferase (PAC) ORF. A probe derived from the common 3′UTR was used to determine changes in steady-state mRNA levels on northern blots. *(B)* northern blots of total RNA from cell lines before and after dhh1 DEAD:DQAD induction (0 or 24 h TET) containing either an unmodified locus (WT/WT) or a modified locus (WT/PAC). Three independent clones of each cell lines were analyzed for each target gene. One representative northern blot is shown with rRNA used as a loading control. The average change in mRNA levels for both the transgene and the wild type gene was calculated from the three independent clones; error bars indicate standard errors. The expected sizes of the wild type and transgenic mRNAs are summarized in Supplemental [Figure S1](#SM0001){ref-type="supplementary-material"}.](ktrs-02-01-10928587-g002){#F2}

RNA was isolated from each of the three cell lines before and after induction of dhh1 DEAD:DQAD expression. Both the wild type mRNA as well as the transgenic mRNA with the PAC ORF were detected on the same northern blot by probing for the 3′ UTR; in each case, the size difference between the two mRNAs was sufficiently large to obtain separated signals ([Fig. 2B](#F2){ref-type="fig"}) ([Supplemental Fig. S1](#SM0001){ref-type="supplementary-material"}). RNA from the parental cell line, before and after induction of dhh1 DEAD:DQAD served as additional control. There was no significant difference in the dhh1 induced increase or decrease in mRNA levels between the mRNAs with the wild type open reading frames and the mRNAs containing the PAC open reading frames ([Fig. 2B](#F2){ref-type="fig"}). At least for the three selected mRNAs, the open reading frame is not involved in the response to dhh1 DEAD:DQAD expression.

Effect of the UTRs
------------------

The possible role of the UTRs in the response to dhh1 DEAD:DQAD was examined by attaching one or both UTRs to a reporter gene, the endogenous eIF4E3 gene. Using a cell line containing a tetracycline-inducible dhh1 DEAD:DQAD transgene,[@R39] one allele of the reporter was modified to replace the 5′ and/or 3′ UTR with the UTRs from each of the four target genes ([Fig. 3A](#F3){ref-type="fig"} and [Supplemental Fig. S2](#SM0001){ref-type="supplementary-material"}). RNA was prepared from cells before and after dhh1 DEAD:DQAD induction and both the mRNA arising from the wild type and the modified reporter alleles were detected on the same northern blot by a probe antisense to the open reading frame of the reporter gene ([Fig. 3B,C](#F3){ref-type="fig"}). In addition, northern blots with the same RNA samples were also probed for the target genes, using a probe antisense to the ORF probe for each gene ([Fig. 3B,C](#F3){ref-type="fig"}).

![**Figure 3.** UTRs confer the response to dhh1 DEAD:DQAD on a reporter. *(A)* The locus of the reporter was modified so that one allele was wild type and the second contained either the 5′UTR or the 3′UTR of the dhh1 DEAD:DQAD responsive mRNA. A probe derived from the reporter ORF was used to measure steady-state levels on northern blots. See [Supplemental Figure S2](#SM0001){ref-type="supplementary-material"} for more details. *(B)* northern blots of total RNA before and after dhh1 DEAD:DQAD induction from cell lines with a wild type locus (R/R) or carrying one allele with the 5′UTR modified (R/5′UTR) or one allele with a modified 3′UTR (R/3′UTR) before and after induction of dhh1 DEAD:DQAD (0 or 24 h TET). The reporter gene mRNA as well as the mRNAs resulting from the modified loci were detected on the same blot by a probe detecting the reporter gene open reading frame. Northern blots with the same RNA were also probed for the respective DHH1 target genes. rRNA served as a loading control. One representative northern blot of three independent clones of each cell lines is shown as well as the quantification of the average change in mRNA level at dhh1 DEAD:DQAD expression for all transcripts (C). The error bars indicate standard errors. The expected sizes of the wild type and transgenic mRNAs are summarized in [Supplemental Figure S1](#SM0001){ref-type="supplementary-material"}.](ktrs-02-01-10928587-g003){#F3}

The effect of dhh1 DEAD:DQAD expression on the wild type reporter mRNA was a decrease to 0.65 ± 0.1 of starting levels. For Tb927.3.3730 the transfer of either the 5′ or the 3′ UTR to the reporter resulted in a 1.6 ± 0.1 fold or 1.4 ± 0.2-fold increase in mRNA levels, respectively. These increases, if combined, may be sufficient to explain the increase in Tb927.3.3730 levels of 3.95 ± 0.3. For Tb927.11.12100, only the 3′ UTR transferred an increase in mRNA level to the reporter mRNA. The increase in mRNA level, 2.4 ± 0.3-fold, was slightly lower than the 3.4 ± 0.4-fold increase in Tb927.11.12100 mRNA. For the two genes that are downregulated in response to dhh1 DEAD:DQAD expression, Tb927.10.15410 and Tb927.6.2790, the presence of either 5′ UTR in the reporter did not result in any additional downregulation. The presence of either 3′ UTR in the reporter resulted in a decrease in mRNA levels, 0.27 ± 0.1 fold for the Tb927.10.15410 3′UTR and 0.49 ± 0.1 fold for Tb927.6.2790 3′UTR, but the reduction was less than seen for the wild type mRNAs and only significant for Tb927.10.15410 (Fig. 3 B,C).

In conclusion, the UTRs of the dhh1 DEAD:DQAD target genes can transfer the response to a reporter gene. In three cases, the 3′UTR acts alone, but for the one gene with the long 5′ UTR (Tb927.3.3730, [Figure 1](#F1){ref-type="fig"}), both UTRs contribute. For some genes, the effect of the 3′ UTR on the reporter genes is significantly lower than on the dhh1 target gene; the most likely explanation is that the elements in the reporter mRNA have an opposing effect on mRNA stability.

Mutation of an AU-rich instability element in the mRNA 3′ UTR prevents the dhh1 response and results in mRNA stabilization
--------------------------------------------------------------------------------------------------------------------------

mRNAs that are downregulated in response to dhh1 DEAD:DQAD expression may simply become unstable as a secondary effect of repression of translation. mRNAs with an increase in stability, in contrast, must result from some specific effect of the helicase. For this reason, one of the upregulated mRNAs, Tb927.11.12100, was chosen for a more detailed analysis. Systematic 3′ UTR truncation experiments based on the reporter system described above located a necessary and sufficient element for a dhh1 DEAD:DQAD response in the first 318 nucleotides of the 3′UTR downstream of the stop codon (data not shown). This 318 nucleotide element contained several U-rich and AU-rich stretches and such motifs have been previously shown to mediate instability to trypanosome mRNAs.[@R41]^,^[@R42]

To test whether these AU-rich elements were responsible for the dhh1 response, the endogenous locus of Tb927.11.12100 was modified in a cell line with an inducible dhh1 DEAD:DQAD transgene and one allele of Tb927.11.12100 deleted. The remaining Tb927.11.12100 allele was mutated in the context of the endogenous 5′ UTR, ORF and polyadenylation site by targeted replacement of the sequence between the Tb927.11.12100 and downstream ORFs. The resultant transgenes were wild type with the exception of sequences between two unique SwaI and BstEII restriction enzyme sites in the 3′ UTR that contained the majority of the necessary and sufficient element (246 nucleotides). Four different cell lines were generated, one with the wild type sequences, one with the AU-rich sequences mutated to decrease the percentage AU and remove homopolymer U runs, one with the AU-rich sequences deleted and one that lacked the entire 236 nucleotides between the two restriction enzyme sites ([Fig. 4A](#F4){ref-type="fig"}). The levels of Tb927.11.12100 mRNAs were analyzed by quantitative northern blot, using a Tb927.11.12100 ORF probe, for two independent clones of each transgenic cell line before and after dhh1 DEAD:DQAD induction. RNA from BSF and PCF wild type cells served as control and showed the expected developmental regulation.

![**Figure 4.** Mutagenesis of the AU-rich element of Tb927.11.12100 abolishes the response to dhh1 DEAD:DQAD induction. *(A)* One allele of Tb927.11.12100 was deleted and the second modified as shown. Cell lines were made in which the various altered sequences shown were introduced between the SwaI and BstEII sites. U-rich sequences are shown in blue and mutations in red. *(B)* northern blots of total RNA before and after induction of dhh1 DEAD:DQAD (0 or 24 h TET) from cell lines with the indicated modifications to one allele of Tb927.11.12100 and with the second allele deleted. A probe derived from the Tb927.11.12100 ORF was used for probing. Blots and quantifications are shown for two independent clones of each cell line. RNA from wild type BSF and PCF cells are included as a comparison and rRNA served as loading control.](ktrs-02-01-10928587-g004){#F4}

Any interference with AU-rich sequences increased the level of mRNA before dhh1 DEAD:DQAD induction, indicating a destabilizing function. The more the AU-rich element was altered, the greater the stabilization of the mRNA: there was a \~2-fold increase in mRNA level with the AU-rich sequences mutated, a 2- to 5-fold increase when the sequences were deleted and a more than a 5-fold increase when the entire region was deleted. In addition, any interference with the AU-rich element completely prevented the increase in mRNA level that occurs with the wild type after dhh1 DEAD:DQAD induction, indicating that the AU-rich element is required for the response. Instead, mRNA levels were slightly reduced by dhh1 DEAD:DQAD expression; this decrease occurs for the majority of mRNAs and is likely a consequence of the general repression of translation caused by the dhh1 DEAD:DQAD expression.[@R39] Taken together, the data show that the two small AU-rich elements act as instability elements and are necessary for the mRNA stabilization by the dhh1 mutant. It is likely that the 246 nucleotide sequence contains additional elements that mediate mRNA instability, because the deletion of the entire region caused more mRNA stabilization than the deletion of just the AU-rich elements. However, these were not involved in the dhh1 response and therefore not further examined.

The AU-rich element does not mediate developmental regulation
-------------------------------------------------------------

Many of the mRNAs stabilized by the expression of the dhh1 mutant are developmentally regulated; this includes Tb927.11.12100.[@R39] The effect of the mutations in the AU-rich element on the developmental regulation of Tb927.11.12100 was tested by introducing the same transgenes into bloodstream form trypanosomes with a deletion of one allele of Tb927.11.12100. The steady-state levels of Tb927.11.12100 mRNA from the cells with wild type 3′UTR as well as from the three mutant UTRs was analyzed by northern blot and compared with mRNAs from the analogous procyclic mutants ([Fig. 5](#F5){ref-type="fig"}). The developmental regulation of the Tb927.11.12100 mRNA remained unaltered, when the AU-rich motif was mutated or when the entire region was deleted, but was slightly reduced when the AU-rich motif was deleted. The data show that the AU-rich element is not responsible for developmental regulation and that at least for this dhh1 target gene, the cis-elements responsible for stabilization following dhh1 DEAD:DQAD expression and for developmental regulation are distinct.

![**Figure 5.** Mutagenesis of the AU-rich element of Tb927.11.12100 does not affect developmental regulation. Northern blots of total RNA from BSF and PCF cell lines with the indicated modifications to one allele of Tb927.11.12100 (compare with [Figure 4A](#F4){ref-type="fig"}) and with the second allele deleted were probed for the Tb927.11.12100 ORF. Blots and quantifications are shown for two independent clones of each cell line. RNA from wild type BSF and PCF cells are included as a comparison and rRNA served as loading control. The differences in signal strength between the clones result from different exposure times.](ktrs-02-01-10928587-g005){#F5}

Discussion
==========

DHH1 is best known as a repressor of translation and/or decapping[@R16]^-^[@R21] and binds mRNAs independently of sequence.[@R5]^,^[@R7] However, DHH1 can also selectively affect individual mRNAs. In trypanosomes, DHH1 overexpression or expression of a dhh1 DEAD:DQAD mutant, selectively stabilizes a small set of transcripts while another set of transcripts decreases in level.[@R39] The observed changes in mRNA stability are likely caused by an increase in DHH1 interaction with mRNA, caused by either DHH1 overexpression or more strongly by the expression of dhh1 DEAD:DQAD, an ATPase mutant that is probably impaired in mRNA release,[@R3]^,^[@R4] but not in mRNA unwinding.[@R5] This study aimed to gain insight into the mechanism of selective mRNA stabilization / destabilization by DHH1. Four mRNAs were analyzed, the response to dhh1 DEAD:DQAD expression was mediated by the 3′ UTR for three and by both 5′ and 3′ UTRs for one. One of the upregulated mRNAs was analyzed in detail, the responsible sequences were present in an AU-rich instability cis-element located in the first 318 of the 1200 nucleotide 3′UTR. This is the first report of an AU-rich instability element mediating an increase, rather than a decrease, in mRNA stability on increased dhh1 activity.

Essentially, four different mechanisms could explain the selective effects of DHH1 on individual mRNAs. The most obvious mechanism is the recruitment of DHH1 to mRNAs via RNA binding proteins that specifically recognize mRNA targets via cis-acting elements. At least four different RNA binding proteins have been described in other organisms to directly bind to DHH1 and this way causing mRNA targets to be removed from translation and/or degraded.[@R11]^,^[@R22]^-^[@R25]^,^[@R43] These include two proteins that bind to AU-rich elements, TTP[@R24] and CTH2.[@R25] Our data do not support such a recruitment model for the action of DHH1 for the Tb927.11.12100 mRNA investigated here. The AU-rich instability element in the 3′ UTR of Tb927.11.12100 mediates an increase in mRNA stability on increased DHH1 occupancy not a decrease or translational repression, as observed in all the reported cases of DHH1 recruitment via RNA binding proteins. A difference in DHH1 function is unlikely to account for these differences, as both the protein sequence and role in translational repression are conserved.[@R39] Trypanosome DHH1 has neither N- nor C-terminal extensions that could account for organism specific interactions with RNA binding proteins, such as was for instance shown for the yeast DHH1 binding to RBP1.[@R11] In a related species, *T. cruzi,* DHH1 co-purified PUF6 protein, however, it is unclear whether this binding was direct and, PUF6 appears to destabilize its target mRNAs.[@R44]

A second possible mechanism was recently suggested by Sweet et al.[@R21]: DHH1 promotes decapping by slowing ribosome movement, essentially indirect recruitment of DHH1 by nucleotide sequence. This model was supported by a DHH1-dependent decrease in stability of the PGK1 mRNA on the introduction of rare codons. Here, the response of mRNAs that contained the same PAC ORF but differed in the UTRs to dhh1 DEAD:DQAD expression was determined. In all cases, the response to dhh1, including both up- and downregulation, was entirely mediated by the UTRs. The independence of the response from the identity of the ORF indicates that the ribosome slowing mechanism is not operating here.

A third mechanism could be that DHH1 selectively binds to individual mRNAs. However, there is currently no evidence for any sequence specificity of DHH1[@R5]^,^[@R7]; the one study that showed protection of maternal mRNAs by the *C. elegans* DHH1 ortholog, CGH-1, did not show direct RNA binding. No common cis-acting element in the trypanosome DHH1 target mRNAs could be readily identified and DHH1 is not associated with polysomes in *T. cruzi*[@R45] or *T. brucei*.[@R39] A recent study analyzed all transcripts stabilized by the DHH1 overexpression and expression of dhh1 DEAD:DQAD for enrichment of both sequence-based and structure-based 3′UTR elements that were also conserved among different trypanosome species.[@R46] There was an enrichment of the AU-rich element motif AUUUAUU at DHH1 overexpression but not at expression of mutant dhh1.[@R46] However, this motif is not present within the 3′ UTR of the DHH1 target gene analyzed in this work.

A fourth, novel model for the action of trypanosome DHH1 on individual mRNAs is presented in [Figure 6](#F6){ref-type="fig"}. In this model, the movement of DHH1 along an mRNA displaces complexes assembled on RNA-binding proteins and once DHH1 has passed, a complex can reassemble. A result of this process is that DHH1 ensures that any mRNA samples the cytoplasmic environment of regulatory proteins at regular intervals. In this context it is worth noting that trypanosomes contain several DHH1 molecules for each mRNA. An increase in DHH1 activity, either through overexpression of wild type, or through increased occupancy as may be the case for dhh1 DEAD:DQAD, will alter the dynamics of mRNP complexes, probably decreasing their stability. This way it could either increase or decrease mRNA stability, depending on whether the regulatory protein had a stabilizing or destabilizing function.

![**Figure 6.** Model for DHH1 action. The fate of an mRNA depends on the binding of trans factors to cis-elements. In this case, ARE-binding proteins bind to AREs in the 3′UTR and result in a short half-life for the mRNA. RNA helicases, in particular DHH1, routinely disrupt these mRNP complexes to facilitate a dynamic interaction between the mRNA and regulatory factors in the cytoplasm. Increase in net DHH1 activity, either by overexpression or by expression of the dhh1 DEAD:DQAD mutant reduces or eliminates complex formation and in this case stabilizes the mRNA.](ktrs-02-01-10928587-g006){#F6}

If a change in DHH1 helicase activity contributes to the regulation of gene expression, how is such a change achieved in the cell? Possibilities are a change in expression level, a change in activity by post-translational modifications or the binding of a regulatory protein or a reduction in available protein levels by recruitment of DHH1 away from translation, for instance to P-bodies. It currently remains unclear, whether any such changes occur, in particular whether they occur during the trypanosome life-cycle.

The action of dhh1 DEAD:DQAD on Tb927.11.12100 mRNA was mediated by an ARE and mutation or deletion of the ARE resulted in equivalent stabilization of the mRNA in both life cycle stages tested. In trypanosomatid species, AREs can be involved in life cycle stage specific mRNA stability[@R41]^,^[@R46]^-^[@R48]; at least in one case mediated by stage specific ARE-binding proteins.[@R49] However, here the ARE acts as a regulator of steady-state mRNA levels but is not necessary for the developmentally regulated differences. Presumably, a second mechanism, either stabilizing or destabilizing acts in addition.

This is the first report of an AU-rich cis-acting element that is responsible for DHH1 induced mRNA stabilization. Our proposed mode of action, a decrease in the stability of mRNP complexes containing regulatory mRNA binding proteins, provides an explanation, of how a switch in gene expression could be achieved by a change in the available helicase activity. Such a mechanism of helicase action may not be restricted to DHH1 or to trypanosomes. The need to switch from one set of gene to another is a frequent need in biology, for instance during development or in stress situations.

Material and Methods
====================

Plasmids
--------

All constructs were made using standard amplification and cloning procedures. The sequence of all amplified DNAs was verified.

Open reading frame replacement
------------------------------

Plasmids containing a puromycin acetyl transferase (PAC) ORF flanked by 5′ and 3′ sequences immediately adjacent to the target ORFs were constructed. The lengths of the flanking sequences were: 530, 1343, and 542 nucleotides for the 5′ sequence and 519, 1606, 1824 nucleotides for the 3′ sequence for Tb927.11.12100, Tb927.10.15410 and Tb927.6.2790 respectively. Before transfection, the plasmid was cut with two restriction enzymes cutting on either side of the replacement cassette.

Fusion of the 5′ UTRs to the eIF4E3 reporter gene ([**Supplemental Fig. S2B**](#SM0001){ref-type="supplementary-material"})
---------------------------------------------------------------------------------------------------------------------------

The plasmid contained (5′- \> 3′): the 456 nt immediately upstream of the eIF4E3 (Tb927.11.11770) ORF, a PAC ORF, the sequence between the stop codon of the gene upstream of the DHH1 target gene and the start codon of the DHH1 target gene and the N-terminal 459 nucleotides of the eIF4E3 ORF. In addition, for three of the dhh1 target genes (Tb927.10.15410, Tb927.6.2790, Tb927.11.12100) an eYFP gene was fused N-terminally to the eIF4E3 ORF to increase the length of the mRNA to enable simultaneous detection of both the wild type and the genetically engineered eIF4E3 allele.

Fusion of the 3′ UTRs to the eIF4E3 reporter gene ([**Supplemental Fig. S2C**](#SM0001){ref-type="supplementary-material"})
---------------------------------------------------------------------------------------------------------------------------

The plasmids contained (5′- \> 3′): the C-terminal 537 nt of the eIF4E3 ORF, the entire non-coding sequence between the dhh1 target gene stop codon and the start codon of the downstream gene, a PAC ORF and the C-terminal 465 nt of the eIF4E3 3′ UTR.

Mutations/Deletions in the AU-rich element of Tb927.11.12100
------------------------------------------------------------

The construct used for integration into the genome contained (5′- \> 3′): the Tb927.11.12100 open reading frame, the entire sequence between the stop codon of Tb927.11.12100 and the start codon of the downstream ORF, a hygromycin resistance ORF, the entire non-coding sequence between the stop codon of the *T. brucei* α tubulin gene and the start codon of the β tubulin gene and the first 553 nucleotides of the open reading frame of the gene downstream of Tb927.11.12100. Two unique restriction enzymes sites (SwaI/BstEII) were used to either delete part of the Tb927.11.12100 UTR or to insert a mutated version.

Trypanosomes and transgenic cell lines
--------------------------------------

*T. brucei* Lister 427 procyclic cells and MITat1.6 bloodstream form trypanosomes were used. The replacement of the ORF and the fusion of the UTRs to the eIF4E3 reporter gene were done in the previously described PTT cell line (Philippe Bastin, Institute Pasteur Paris, France) engineered for inducible expression of dhh1 DEAD:DQAD from pLEW100.[@R39]^,^[@R50] The mutations of the AU-rich element of Tb927.11.12100 were done in the SPR2.1 cell line[@R51] engineered for inducible expression of dhh1 DEAD:DQAD from p3383.[@R51] All PCF and BSF cell lines with mutation / deletions in the AU-rich region were verified by PCR and sequencing for correct integration of the plasmid.

Quantitative northern blots
---------------------------

Northern blots were done as described previously.[@R52] Phosphorimager analysis was used for quantification and rRNA served as loading control.
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